Formation of chloroplast pigments was inhibited, and free fatty acids accumulated in mustard (Brassica juncea [L.] Coss.) cotyledons and in barley (Hordeum vulgare L.) first leaves developed after treatment with 4-chloro-5-(dimethylamino)-2-(a, a, a-trifluoro-m-tolyl)-3 (2H)-pyridazinone. The inhibitor reduced the amount of fatty acids found in polar lipids (galactolipids) of barley chloroplasts and increased the amount in nonpolar lipids while having little effect on total content of bound fatty acids. The inhibition of chlorophyll formation was circumvented by D-a-tocopherol acetate, phytol, farnesol, and squalene, and by unsaturated fatty acids and their methyl esters. The protective action can be explained partially by an interaction external to the plant whereby 4-chloro-5-(dimethylamino)-2-(a, a, a-trifluoro-m-tolyl) -3 (2H)-pyridazinone partitioned out of the aqueous phase and into the lipid phase, thus limiting availability of the inhibitor to plants. However, the amount of inhibitor reaching the cotyledons of tocopherolprotected mustard seedlngs was still in excess of the amount necessary to cause white foliage, but it failed to produce the effect. Tocopherol treatment did not prevent the 4-chloro-5-(dimethylamino)-2-(a, a, a-trifluoro-m-tolyl) -3 (2H) -pyridazinone-induced buildup of fatty acids in mustard cotyledons but did partially circumvent the effect in barley leaves. The amount of linolenic acid relative to linoleic acid was reduced in barley leaves and chloroplasts by 4-chloro-5-(dimethylamino)-2-(a,a,a-trifluoro-m-tolyl)-3(2H)-pyridazinone action and this effect was circumvented by tocopherol.
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The most potent of the several known inhibitors of chloroplast pigment formation (10) is 4-chloro-5-(dimethylamino)-2-(a,a,a-trifluoro-m-tolyl)-3(2H)-pyridazinone. Efforts to determine a physiological basis for this inhibition led us to evaluate certain chloroplast constituents for the circumvention of Sandoz 6706' actions. We observed that the protective metabolites were identical to some of the lipoidal materials found effective 'Abbreviations: GLC: gas-liquid chromatography; Sandoz 6706:
4-chloro-5-(dimethylamino)-2-(a, a, a-trifluoro-m-tolyl)-3(2H)-pyridazinone.
by Stowe (17) and by Stowe and Obreiter (18) for stimulation of hormonal-induced growth of pea stem sections. These materials were ineffective (unpublished research) against a variety of other inhibitors that also lead to colorless new foliage. Therefore, we considered that Sandoz 6706 might be useful as an inhibitor in studies of the role of certain lipoidal materials in the development, function, persistence, or structure of chloroplasts. In the present paper, we identify the protective lipids, provide a partial explanation for their protective action, and report several 6706-induced alterations in lipid relations of affected leaves and their chloroplasts. Seeds were germinated in 9-cm Petri dishes on moist filter paper (three layers) for a period of 4 or 5 days. For evaluation of protective effects of fat-soluble (lipid) materials the filter paper was impregnated with 1, 10, or 100 ,tmoles of the compound dissolved in 1 or 2 ml of either acetone or petroleum ether (b.p. 30-60 C). After evaporation of the solvent, 10 ml of distilled water containing the inhibitor at indicated concentrations was added, and seeds were planted directly on the moist paper.
Experiments to measure chlorophyll formation were conducted in a controlled environment room on a 15-hr photoperiod. The light source was a combination of fluorescent and incandescent lamps with an intensity of 1.5 x 10' ergs/cm'-sec. Day temperature was 27 C, and night temperature was 21 C, except as indicated otherwise. Approximately 70 mustard seeds were planted to insure 50 established seedlings per dish. Treatments were replicated three times.
Cotyledonary leaves of 50 plants from each dish were excised, weighed, and stored frozen. The leaves were thawed later, and their chlorophyll content was determined spectrophotometrically. Results The chloroplast polar and nonpolar lipids were separated using the rubber membrane dialysis method of Bbttcher et al. (4) . The nonpolar fraction was recovered from the petroleum ether dialysis medium. saponified, and methylated as previously described. The resulting fatty acid methyl esters were determined by gas chromatographic analysis. The polar chloroplast lipids were further sub-divided by thin layer chromatography on silica gel to identify and recover the major chloroplast lipids, the galactolipids. The mono-and digalactosyl diglycerides were located by addition of standards to the plate edges; the appropriate areas were removed from the plates.
The galactolipids were quantitated directly on the silica gel scrapings on the basis of galactose content essentially by the method of Roughan and Batt (15) , except that authentic samples of mono-and digalactosyl diglycerides were used to develop analytical working curves.
RESULTS AND DISCUSSION
Complete inhibition by 3 1iM Sandoz 6706 of chloroplast pigment formation in mustard cotyledons and total circumvention of this action by externally applied D-a-tocopherol acetate (100 ,umoles/Petri dish) are shown by the in vivo absorption spectra presented in Figure 1 . Except for the differences in chlorophyll and carotenoid pigments, plants from control and 6706 treatments appeared to grow and develop equally during the 4-day observation period.
The circumvention of 6706 action by tocopherol acetate (100 ,tmoles/dish) was observed also in experiments with ryegrass, alfalfa, cabbage, tomato, wheat, flax, cucumber, barley, lettuce, and pigweed after appropriate adjustment of 6706 concentrations /LM) as necessitated by the selective phytotoxicity of the inhibitor. Mustard seedlings were selected for subsequent quantitative research because mustard was among the species most sensitive to 6706 and because their cotyledonary leaves are well-suited for in vivo spectrophotometric analysis.
A rapid method of determining relative chlorophyll content was developed in order to handle large numbers of samples.
Comparative data ( N',N'-diphenyl-p-phenylenediamine; 6-ethoxy-1,2-dihydro-2,2,4-trimethylquinoline (ethoxyquin); npropyl gallate; butylated hydroxyanisole i.e., a mixture of 2-tert-butyl-4-methoxyphenol and 3-tert-butyl-4-methoxyphenol; 2,6-di-tert-butyl-p-cresol; and toluhydroquinone. Methylene blue, ascorbic acid, Na2SeO3 5H20, and various other salts also were ineffective in offsetting the actions of 6706. N',N'-Diphenyl-p-phenylenediamine, ethoxyquin, methylene blue, and certain selenium salts do substitute for tocopherols in some in vivo animal responses (14, 16) and the other synthetic compounds are superior to tocopherols as antioxidants in vitro. In other experiments, the free tocopherols (a,-y and 8) were less effective than a-tocopherol acetate. Furthermore, a-tocopherylquinone was as effective as the three free tocopherols.
Phytol was as effective as tocopherol acetate (Fig. 4 Figure 3 . Therefore, the conditions used for the tests reported in Table I Figure 3 was less than 0.3% of the total fluid volume. Nevertheless, in 3 days (18 hr in one experiment) 68% of the 6706 had partitioned out of the aqueous phase and into the lipid phase (Table II) . Simultaneously with the experiment in Table II , a test was conducted with mustard seedlings exposed to 3.27 yM 6706-"C with or without 100 ylmoles of tocopherol acetate. The 6706 content of the 4-dayold shoots was reduced 62% by the lipid. In two additional experiments, tocopherol acetate inhibited 6706-"C uptake by 61 and 68%. Furthermore, methyl linoleate, which was slightly more effective than tocopherol acetate in the biological protections (Fig. 4) , also was slightly more effective in extracting 6706 from the aqueous medium (Table II) Figure 5 that protective actions of tocopherol acetate must occur inside the seedling and are not explained solely by the interaction observed external to the plant.
Because mustard cotyledons are storage tissue with high fat content, one cannot distinguish readily whether 6706 prevents Table 11 . Distribution of 3.27 uM Sandoz 6706-14C in Treatment Media after a 3-day Period
The total volume was 10 ml of water and 100 /Lmoles of lipid (i.e., less than 0.03 ml for tocopherol acetate). The photoperiod was 16 hr, day temperature was 33 to 34 C, and the night temperature was 23 to 24 C. utilization of storage fatty acids or causes a buildup of newly synthesized acids. Therefore, additional experiments were conducted using the coleoptile and first leaf (nonstorage tissue) of 5-day-old barley seedlings (Table IV) . The inhibitor (10 SUM) increased free fatty acid content of barley shoots also but had limited effect on total quantity of glyceride-bound fatty acids. For three independent experiments the 6706-induced increase in total free fatty acid was 2.2, 7.4, and 42.1 times the amount found in untreated controls while the effect on bound acids was a decrease by 0, 22, and 27%, respectively. The smallest effects observed are those for the experiment shown in Table IV . In contrast to results from mustard cotyledons, tocopherol acetate partially circumvented the effect of 6706 on fatty acid accumulation in the foliar tissue of barley. The maximum circumvention of three experiments is that shown in Table IV (19) . In all of our experiments and in theirs an increase in linoleic acid accompanied any decrease in linolenic acid.
The final light-mediated maturation process of chloroplast development results in marked changes in lamellar lipids. These changes include simultaneous large increases in chlorophyll and galactolipids which are very high in linolenic acid esters (3, 11) . Linolenic acid is cited as the major fatty acid constituent of the structural lipids of chloroplast lamellae (3, 13) . For some plant species, linolenic acid is reported to be as high as 96% of the total fatty acid esters in the galactolipids. Therefore, one naturally suspects from the reduced levels of linolenic acid and the accompanying increase in linoleic acid in barley shoots ( If one assumes that these highly unsaturated lipids of the lamella are essential to formation of functional plastids capable of pigment synthesis, then the action of Sandoz 6706 against chlorophyll buildup might involve either a direct inhibition of galactolipid synthesis or possibly even inhibition of the conversion of linoleic acid to linolenic acid. The possibility that 6706 exerts its action through direct alterations in formation of structural lipids is a hypothesis worthy of further consideration. However, it is well known that the light-induced increase in galactolipids is paralleled by a rapid rise in chlorophyll. The evidence (3) In three experiments with phytol-"C the inhibitions were 33%, 30%, and 8%. It is of interest that in three experiments with sodium acetate-"C the inhibitions were 78%, 75%, and 43%. In all comparisons made within single experiments, the inhibition of acetate-'4C incorporation always exceeded that of the two lipids. Sodium acetate is not one of the metabolites capable of circumventing 6706 actions. However, because it is a precursor of the more complex isoprenoid lipids, the inhibition of acetate utilization is expected.
Finally, we emphasize that circumvention of 6706 inhibition of chlorophyll formation requires that the protective agent be available to the foliar tissue at the time of chloroplast development. The inhibition could not be reversed by application of tocopherol acetate directly to white cotyledons. Also, whereas 6706 inhibits chlorophyll dovelopment in new growth on plants of any age, our efforts to circumvent inhibition with tocopherol acetate have been successful only in treatments made at time of planting. Probably, a constant supply of the lipid materials must be available at the time 6706 exerts its action during formation of chloroplasts.
Bartels and Hyde (2) have shown that light is required for some of the damage to chloroplast structures which they observed after 6706 treatment. Chlorophyll pigments were absent only in the 6706 treatments exposed to light, whereas carotenoid pigments were absent from all 6706 treatments regardless of whether plants were grown in light or darkness. Based on their results and additional information, they suggested that carotenoid pigments protect chlorophyll against photodestruction and that, in the absence of carotenoids, chlorophyll or a precursor of chlorophyll is an unstable photosensitizing molecule which destroys 70S ribosomes and thylakoids. They favor the hypothesis that the major action of 6706 is the blockage of carotenoid biosynthesis and that many other effects are secondary consequences of this action. For the moment, at least, our data are compatible with their conclusions. Nevertheless, our results suggest that the primary action may not be restricted to the carotenoid pathway per se, but rather that the absence of carotenoids may be only one of several consequences of an inhibition affecting other chloroplast lipid constituents. Sandoz 6706 might act as a direct inhibitor of an early stage of biosynthesis of isoprenoid lipids. However, the possibility merits further consideration that Sandoz 6706 acts by inhibiting the utilization of lipids for formation of lamellar membranes or other structural components of chloroplasts.
